Photocatalytic titanium oxide (TiO 2 ) thin films were prepared on quartz substrate by the pulsed laser deposition using Nd:YAG ( ¼ 1:064 mm) pulse laser. Subsequently, the films were sulfurized in H 2 S or CS 2 atmosphere under various conditions. After the sulfurization of the film in H 2 S or CS 2 at 1273 K for 1 h, the surface morphology and structure of the deposited TiO 2 film were changed. The photocatalytic property of the film might be improved by the sulfurization using CS 2 at the temperatures lower than 1273 K.
Introduction
Recently, it has been reported that the optical absorption range of TiO 2 extends to that of the visible light by doping carbon, sulfur or nitrogen into it. 1) On the other hand, TiO 2 film is much more easily handled than its powder in the practical applications. The pulsed laser deposition (PLD) technique is one of the convenient techniques for the preparation of thin films directly from their compounds. On the other hand, titanium sulfides absorb the visible light, though it is rather unstable because of its dissolution by the photochemical reaction. 2, 3) In this regard, partially sulfurized TiO 2 is expected to be chemically were stable and to show better photocatalytic performance compared with pure TiO 2 . In this paper, formation of titanium oxide thin film by the pulsed laser deposition using Nd:YAG pulse laser was studied. Furthermore, sulfurization of TiO 2 film by using H 2 S or CS 2 gases was investigated in terms of the structure and the photocatalytic property of the film.
Experimental
A TiO 2 pellet as a target (10 mm Â t2 mm) for PLD was prepared by pelletizing special grade TiO 2 powder (Wako Pure Chemicals Ind. Ltd.) using a uniaxial press at 20 MPa, followed by sintering them at 1573 K for 4 h in a stream of air. The obtained target was identified as a rutile type TiO 2 by X-ray diffraction measurement. The titanium oxide film was deposited on a quartz substrate (12 mm Â 12 mm Â 1 mm), positioned in parallel with the target and heated by a BN heater with a Shimaden SR62 controller. The deposition was carried out in a high vacuum (10 À3 Pa) reaction chamber by the irradiation of Nd:YAG pulse laser ( ¼ 1064 nm) to the TiO 2 target in a direction of 60 from the outside of the chamber through the sapphire window. The distance between the target and the substrate was about 65 mm. After the deposition, the obtained TiO 2 film was sulfurized in H 2 S or CS 2 gases. The structure of the film was evaluated by the grazing incidence X-ray scattering (GIXS) method 4, 5) using a Rigaku RINT2500PC diffractometer equipped with an Inel CPS120. A Cu K radiation (50 kV, 200 mA) monochromatized with a flat-type Ge (1 1 1) single crystal was introduced on the film near the critical angle of the material of the film. The slit system was 0.05 mm-0.05 mm-0.05 mm. The average film thickness was determined by a surface profile measuring system, ULVAC Dektak 3 ST, using a diamond stylus with 1 mg force. The surface morphology of the films was observed with the dynamic mode of Shimadzu SPM 9500J2 atomic force microscope with a scanning rate of 1 Hz and a scanning range of 5 mm Â 5 mm. The surface of the specimen was analyzed with X-ray Photoelectron Spectroscopy using a system of PHZ 5600 XPS. Absorption spectra of the film were obtained by using UV-Visible spectroscopy system (Shimadzu, UV-2550) equipped with an integral sphere (Shimadzu, ISR-2200).
Results and Discussion
When the laser light of 400 mJ and 50 Hz was irradiated on the TiO 2 target for 6 s in a high vacuum chamber at the oxygen pressure of 10 À3 Pa, a bright color plume occurred from the surface of the target toward the quartz substrate. After the irradiation, a dark blue film was formed on the quartz substrate. Subsequently, the films were sulfurized in H 2 S or CS 2 atmosphere at 1273 K for 1 h. The surface morphology of the above films observed with the dynamic mode of AFM is shown in Fig. 1 . In the as deposited state ( Fig. 1(a) ), the film seems to consist of many nanoparticles. Accumulated on the surface the average film thickness was about 50 nm measured by the Dectak 3 ST. When the film was sulfurized in H 2 S at 1273 K for 1 h (Fig. 1(b) ), the surface of the film became rough, and the average thickness was measured to be about 120 nm. In case of the film sulfurized in CS 2 at 1273 K for 1 h (Fig. 1(c) ), the surface of the film seems to be rougher than that sulfurized in H 2 S. The average thickness of the film was 133 nm which was larger than that of the film sulfurized in H 2 S. Figure 2 shows the GIXS patterns of (a) as-deposited, (b) H 2 S-treated, and (c) CS 2 -treated films. In the pattern of Fig.  2(a) , no clear peak was observed, though the broad peak corresponding to the SiO 2 substrate appeared at around 2 ¼ 22
. Therefore, it is assumed that the structure of the TiO 2 film prepared in the present study is poor crystalline or amorphous. On the other hand, in the GIXS pattern of the H 2 S treatment film (Fig. 2(b) ), peaks for the rutile type TiO 2 were observed, while any titanium sulfide peaks were not observed. This suggests that the crystal growth and phase transformation of the TiO 2 film from the amorphous to the rutile type TiO 2 was induced predominantly in high temperature conditions, in contrast to no evidence of the sulfurization of TiO 2 . In case of the CS 2 treated film ( Fig.  2(c) ), since only intensive peak corresponding to the Ti 1:08 S 2 (1 0 0) was observed, the TiO 2 film could be sulfurized by CS 2 with the orientation in (1 0 0) direction. Figure 3 shows the XPS spectrum of Ti 2p electrons analyzed on the surface of the CS 2 treatment film. It is obviously shown that the small peak correspond to the Ti(III) state coexists with the Ti(IV) peak. Since the reducibility of CS 2 is stronger than H 2 S, titanium in CS 2 -treated film exhibited lower valance state. Therefore to compensate the titanium valence state, the sulfurized film became sulfur deficient resulting in the formation of Ti 1:08 S 2 rather than TiS 2 as seen in Fig. 2(c) .
In order to investigate the effect of sulfurization on the photocatalytic properties of TiO 2 films, absorption spectra of the films sulfurized by CS 2 at temperatures from 573 to 1273 K are shown in Fig. 4 . The theoretical band gaps of anatase and rutile type TiO 2 are also shown in the figure as dotted vertical lines for comparison.
For the films sulfurized at 573, 773 and 973 K, the band gap can be determined at the inflection point of each spectrum near 3.5 eV, however, the position of the band gap was not clear for the 1273 K film. The band gap of nontreatment film exhibits higher energy, 4.4 eV than theoretical one, 3.2 eV for anatase, because the finer particles on the film gave the higher band gap (blue shift). On the other hand, the band gap of sulfurized films at 573, 773, and 973 K seems to the shift to the lower energy side (red shift) than that of nontreatment film in the order of the sulfurization temperature. When the TiO 2 film was treated at low temperatures, a part of the oxygen atoms in the TiO 2 structure might be replaced by the sulfur atoms and its amount was increased with the sulfurization temperature. As the result, the band gap energy of each sulfurized film became lower, approaching the value of TiS 2 , 0.9 eV.
6)
The above results could encourage the expectation that the sulfurization of TiO 2 film by CS 2 improves photocatalytic activity.
Summary
In this study, titanium oxide thin films were deposited on a quartz substrate by a laser ablation method using Nd:YAG laser. And sulfurization of the film was examined for the improvement of its photocatalytic property. Results are summarized as follows:
(1) TiO 2 film prepared by pulsed laser deposition (PLD) exhibited poor crystalline or amorphous structure. (2) When the TiO 2 film was sulfurized by H 2 S, crystal growth and phase transformation of the TiO 2 film from the amorphous to the rutile type TiO 2 were induced but no sulfurization seemed to occur. Partial Sulfurization of Laser-ablated Titanium Oxide Film for the Improvement in Photocatalytic Property
